This study developed a simple wire phantom and an algorithm to automatically measure the modulation transfer function (MTF) in computed tomography (CT) and implemented it to evaluate the effect of focal spot size and reconstruction filter type. The phantom consisted of a resin cylinder filled with water, with a tin wire of diameter 0.1 mm positioned along the center of the cylinder. The automated MTF algorithm used an axial image of the phantom and comprised several steps. The center position of a region of interest (ROI) was automatically determined at the center of the wire image. The pixels were then summed along the y-direction to obtain the profile of the pixel values at a point along the x-direction. Following this, both edges of the profile were made equal to zero. The profile curve was then normalized so that the total of all the data was equal to unity. The normalized profile curve is the line spread function (LSF), and the MTF curve was obtained by taking its Fourier transform. Our system (phantom and algorithm) is able to differentiate the MTFs of CT images from different focal sizes and reconstruction filter types.
Introduction
Computed tomography (CT) has become an important tool for medical imaging [1] . Its use for medical purposes has increased rapidly worldwide [2] , especially after the advent of helical CT scanning [3] and multi-detector row CT [4] . With the increasing effectiveness and efficiency of CT scanners, their complexity has also increased. Many input parameters, directly and indirectly, affect image quality [5, 6] . CT performance should be evaluated holistically and quality control should be performed on a regular basis. Among the image quality parameters to be monitored are (high contrast) spatial resolution [7, 8] . The simplest way to characterize the spatial resolution is to use a bar pattern [9] , although this approach is biased by observer subjectivity. A more objective description is obtained by using the modulation transfer function (MTF) curve [10] . The MTF curve of a CT image provides information across all spatial frequencies of the image [11] [12] [13] [14] .
It is calculated using the Fourier transform of the line spread function (LSF), point spread function (PSF) or edge spread function (ESF), and it can also be estimated directly using a phantom with a series of bar patterns [15, 16] .
Obtaining MTF from CT images is complicated and is influenced by many parameters, such as the type of phantom (e.g. wire, bead, edge) [10, 11, 17, 18] and material of the object (e.g. bone, acrylic, polyethylene, stainless steel, etc) [17] , and by CT scanner parameters, such as field of view (FOV) [19] , image reconstruction kernels [20] , slice thickness [17] , focal spot size [21] , single or dual slice CT [22] , and different image reconstruction algorithms [23] [24] [25] . The details of measurement, e.g. distance to iso-center [17, 26] , xy and radial direction [11] , noise magnitude desired [27] , ROI size [18, 28] , and whether curve fitting is used [17, 29] are also important. During measurement should be kept constant except the parameter of interest.
Measurement of spatial resolution using MTF generally uses a specific standardized phantom, such as the ACR Accreditation Phantom (Gammex, Middleton, WI, USA) [30] , AAPM CT Performance Phantom (CIRS, Norfolk, VA, USA) [31] , or Catphan Phantom (Phantom Laboratory, Salem, NY, USA) [32] . Recently, one study reported that the MTF curve could be measured using the edge of a head PMMA phantom [19] . However, these phantoms may not be available in every CT center, especially in developing countries. For this reason, we have developed a simple phantom using readily available materials, and simple software to automatically calculate MTF, for use as part of quality assurance programs for CT centers that do not have standard equipment. We used our system to investigate the MTFs from different focal spot sizes and various reconstruction filter types.
Methods

Simple wire phantom
We constructed a simple self-built wire phantom from readily available material to measure MTF, as shown in Figure 1 . The phantom was made from a 200 ml CT injector syringe (Kyorindo Nemoto Ltd., Japan) with a diameter (D) of 4.8 cm.
A thin wire with a diameter (d) of 0.1 mm and a length (L) of about 5 cm was positioned at the center of the resin cylinder along an axis perpendicular to the axial plane. If a diameter of 0.1 mm is not available, a diameter between 0.1-0.2 mm could be used [18] . Finally, the phantom was filled with tap water to a volume of about 150 ml, although this is optional. It can also be left filled with air [18] . This phantom is very easy to be made and very cheap. Figure 2 shows the flow chart to automatically calculate the MTF using MatLab (Mathworks). The center position of the region of interest (ROI) was at the center of the wire image and it was automatically determined. It was carried out by thresholding using the threshold value of +100 HU, chosen based on the fact that the value of HU for a tin wire is around +400 HU and the water around a tin wire is around 0 HU. After thresholding, a center point was determined using the centroid equation.
Software for MTF measurement
The ROI was 32 × 32 pixels, and the image was cropped to that size. Then, the pixels were summed along the y-direction to obtain the profile of the pixel values at a point along the xdirection (S(x)).
ROI(x, y) is the pixel value at a location (x, y) in the region of interest. Following this, both edges of the profile were made equal to zero (S'(x)). The zeroing process was performed automatically by calculating the mean value of 5 pixels on the left and 5 pixels on the right end of S(x), using Equation 3.
All points on S(x) were then reduced by this mean value. = − Eq. 4
Next, the curve was normalized so that the total of all data was equal to unity and the MTF had a value of 1.0 at zero spatial frequency [9] . The normalized S'(x) curve is the LSF. The process was implemented by dividing all points on the curve S'(x) by the total value of S'(x)
The x-axis in the LSF curve was then converted from pixel number to distance in mm (or cm), using the distance between pixels extracted from the DICOM header and setting the central position of the LSF to zero. Finally, the MTF curve that describes the spatial resolution of the image was obtained by the Fourier transform of the LSF curve [33] .
where f denotes the spatial frequency and F indicates the Fourier transform. 
Validation and implementation of MTF measurement
The MTF phantom was used to evaluate the spatial resolution of a new 4-row multi-slice CT scanner Alexion™ installed at the Department of Health Sciences, Faculty of Medical Sciences, Kyushu University, Japan.
The automated MTF method was validated using the standard fitting method proposed by Yin et al. [34] Eq. 7
where a 1 denotes the center of fitted LSF, a 2 represents the weighting factor of the Gaussian function, a 3 denotes the standard deviation of the Gaussian function, a 4 represents the weighting factor of the exponential function, and a 5 denotes the slope of the exponential function. This fitted function is applicable to a non-normalized LSF. The parameters of a 1 , a 2 , a 3 , a 4 and a 5 were chosen by trial and error so that the curve fits to a measured LSF. After the parameters were already chosen then the MTF is calculated using the equation: Eq. 8
where f is spatial frequency. This MTF equation has been normalized to provide unity at zero frequency. The percentage difference between MTF 50% of the automated method and the fitting method will be compared. In this study, our system (phantom and software) was implemented to evaluate the effect of focal spot sizes of 1.1 mm and 1.7 mm on the MTF. Three types of reconstruction filter (FC13, FC52, and FC30) were evaluated. FC13 is a filter used for soft tissue, F52 for lung, and F30 for bone. The other input parameters were kept constant (tube voltage 120 kVp, rotation time 1 s, a field of view 7 cm, slice thickness 4 mm).
Results
MTF curve validation
Our algorithm using a threshold value of +100 HU successfully determined the center of ROI in the center of the point image for all images used and successfully calculated MTF curves. To validate the resulting MTFs, it was compared with the standard calculation using the fitting method developed by Yin et al. [34] , as shown in Figure 3 . The figure shows that both MTF curves are very similar. The difference in MTF 50% for both methods is -2.8% and 2.4% for 1.1 mm and 1.7 mm focal spots respectively. 
LSF and MTF curves for different focal spot size
The LSF and MTF curves for the focal spot size of 1.1 and 1.7 mm are shown in Figure 4 . The first row is for FC13 filter, the second row is for FC30 filter, and the third row is for FC52 filter. The MTF 50% values for the focal spot size of 1.1 and 1.7 mm are shown in Table 1 . There is a clear difference in the LSF and MTF curves between spot sizes of 1.1 and 1.7 mm. A focal spot of 1.1 mm produced a higher spatial resolution compared with a focal spot of 1.7 mm, as expected. 
LSF and MTF for different reconstruction filters
The LSF and MTF curves for three filters: FC13, FC30, and FC52 are shown in Figure 5 . The first row is for focal spot size of 1.1 mm, and the second row is for focal spot size of 1.7 mm. The FC13 filter produced the widest LSF curves, while the other two filters (FC30 and FC52) produced narrower but similar curves, with the FC50 curves a little sharper than those from the FC30 filter. Figure 5 also shows there were no negative values in the LSF curves around the object (wire) for the FC13 filter, while the FC30 and FC52 filters produced significant negative values. The MTF curves generated by the FC13 filter had the lowest spatial resolution, followed by the FC30 filter, and the highest spatial resolution was from the FC52 filter. The MTF 50% values for various reconstruction filters are listed in Table 2 . 
Discussion
Spatial resolution is one of the principal parameters that determine the image quality of CT images [7, 35] . An objective description of spatial resolution is obtained using the MTF curve [10] . The spatial resolution should be evaluated regularly as part of a quality control program. The most common technique to determine the MTF of CT images is to use a wire phantom [7] , although other types of the phantom can also be used including micro-bead with a very small diameter [7] , the edge [16] , or line pair [11] . The types of objects to determine the MTF are usually available in a special module on the standard phantom, e.g. example ACR Accreditation Phantom, AAPM CT Performance Phantom, or Catphan Phantom. The AAPM CT Performance Phantom contains a stainless steel wire with a diameter of 0.23 mm positioned longitudinally for MTF calculation [31] . The ACR CT Accreditation Phantom contains two small tungsten carbide beads with a diameter of 0.3 mm [30] . The Catphan Phantom contains two individual beads with a diameter of 0.28 mm and 0.18 mm in diameter, and a tungsten wire with a diameter of 50 µm is located 6 cm from the center of the module. The beads and wire are used to measure LSF that can be used to calculate the MTF [10] . These phantom types are standard phantoms used for MTF measurements. However, some CT scan centers may not have one of these standard phantoms. This study has shown a simple method for developing an in-house phantom and software that is automatically used to measure MTF. The results of the automatic MTF calculation are similar to those obtained using a fitting method [34] . The difference of MTF 50% from both approaches is less than 3%. The automatic calculation runs in about 1 second, although the fitting method calculation is timeconsuming because changes in parameters a 1 , a 2 , a 3 , a 4 , and a 5 are fitted by trial and error.
It should be noted that the method used in this study was to sum several pixels along a y-direction to get the LSF. It is known, that the MTF calculated with such an approach is dependent on ROI size [10] . Both our method and a standard fitting method [34] were applied to the same data (LSF from a sum of profiles) and produced similar results. This comparison shows that both algorithms calculate the same MTF from the same LSF. However, it does not prove that either MTF is correct. One way to prove that the MTF is correct has been proposed by Ohkubo et al. [36] and refined by Kayugawa et al. [10] .
The spatial resolution is strongly influenced by the type of reconstruction filter as reported previously [19] , and our system confirmed this phenomenon. The user should select the type of filter appropriately based on clinical purposes. The FC13 filter produces low spatial resolution and low noise, so it is suitable for soft tissue applications, which require low noise images and only moderate spatial resolution. The FC52 filter produces images with not only very high spatial resolution but also high noise, so it is suitable for the inspection of lungs, which require a very high spatial resolution but where noise is not a major consideration. The FC30 filter produces a moderate-to-high spatial resolution and noise and is suitable for bone examination.
The spatial resolution is also strongly influenced by the size of the focal spot as reported previously [21] . Again, our system was able to confirm this. The CT scanner used in this study has two focal spot sizes, 1. and it was automatically adjusted to the larger focal spot (1.7 × 1.7 mm 2 ) for a tube current of 200-300 mA. We set tube currents of 150 mA and 200 mA to get the two different tube currents. The automatic focal spot adjustment based on the tube current due to the high tube current produces a high thermal load on the X-ray target, and the system automatically re-sets to a larger focal spot size to dissipate the additional heat. Our system is able to differentiate MTF curves from different focal spot sizes and reconstruction filter types as achieved using standard phantoms. The main limitation of this current study was that our system was performed on only one type of scanner, the MDCT scanner 4 Alexion™. It should be noted that this phantom is an in-house phantom, so its repeatability is not guaranteed. Such in-house phantom must be compared to a standard phantom before it can be applied in a clinical setting. Our phantom is an alternative if the standard phantom is not available at a CT center. For acceptance tests, CT centers should try to employ standard phantoms. However, for constancy tests, an in-house phantom is acceptable so long as it has been compared to the standard phantom before use.
In this study, the MTF is calculated using a 1D FFT, after 2D wire images are averaged in the y-axis. The use of a 2D FFT on wire image is a more sophisticated approach for MTF measurement [37] . Although the 1D FFT is simpler than using 2D FFT for measuring MTF, its accuracy has been confirmed [10] .
Conclusions
We have successfully developed a simple in-house wire phantom and software to automatically measure MTF. This system was able to differentiate MTFs from different focal spot sizes and reconstruction filter types. The developed in-house phantom may be used in the regular quality control (QC) program if the standard phantom is not available.
